Neutron capture cross-section of 232 Th have been measured relative to σ(n,γ) for 197 Au and σ(n,f) for 235 U in the energy range from 60 keV to 2 MeV. Neutrons were produced by the 7 Li(p,n) and T(p,n) reactions at the 4 MV Van de Graaff Accelerator of CEN/Bordeaux. The activation technique was used and the cross-section was measured relative to the 197 Au(n,γ) standard cross-section up to 1 MeV. Above this energy, the reaction 235 U(n,f) was also used as a second standard and the fission fragments were detected with a photovoltaic cell. The results after applying the appropriate corrections indicate that the cross-sections are close to the JENDL-3 database values up to 800 keV and over 1. 
Introduction
During the past few decades a growing concern for the continuous accumulation of large amounts of nuclear wastes and for the future of energy production systems has emerged. The green house effect, the foreseeable limits in fossil fuel resources and the pollution of the environment with combustion by-products, point to the need towards alternative, innovative and safer strategies. New challenges for the different fuel cycle options and nuclear waste management, have produced an impetus in the research for extension of the life span of presently operating reactors, the increase of the fuel burn-up and plutonium recycling (in particular the incineration of actinides and long-lived fission products). Furthermore, the 232 Th-233 U fuel cycle is studied extensively for energy production and as a waste management option in the next generation of systems like the Energy Amplifier and ATW [1] , thermal or fast reactors and the accelerator driven systems (ADS) [2] . Unfortunately, uncertainty in the parameters of systems employing the Th-U cycle, caused by discrepancies in the nuclear data available at present, appears to be higher than the uncertainty caused by different calculational schemes [3] . Hence, the need arises for bringing the quality of these nuclear data to the same level of accuracy as that of the U-Pu cycle [3, 4] .
The most crucial reaction channel in the Th-U fuel cycle is the neutron capture on 232 Th, which leads to 233 U after two successive β -decays. Moreover, the above reaction cross-section is currently required with an accuracy of 1-2% in order to be used safely in simulated techniques for predicting the dynamical behaviour of complex arrangements in fast reactors or ADS [3] . As an example of its importance in ADS, a 10% change in the 232 Th capture cross-section gives rise to a 30% change in the needed proton current of the accelerator if the system has to be operated at a sub-critical level of K eff ≈ 0.97 [5] .
Since 1946, there have been a number of relative measurements of the 232 Th(n,γ) reaction cross-section by employing prompt γ-ray detection or activation techniques. However, these are almost the half when compared to the measurements of 238 U(n,γ) reaction cross-section that presents a number of common features. Furthermore, experiments for the exclusive measurement of the above reaction cross-section are even less. Since the measured values differ substantially in the energy range 0.05-1.5 MeV and due to the difficulty of re-normalisation, the current evaluations in the above energy range present discrepancies of the order of 10-30% [4] . Therefore, additional measurements are needed in order to satisfy the required accuracy.
In the present work, the neutron capture cross-section of 232 Th was measured in the neutron energy range from 60 keV to 2.0 MeV. The activation technique was used and the cross-section was measured relative to the 197 Au(n,γ) standard cross-section of ENDF/B-VI up to 1 MeV. The characteristic γ lines of the product nuclei 233 Pa and 198 Au were measured with a 40% HPGe detector. Above this energy, the reaction 235 U(n,f) with values from ENDF/B-VI, was used as a second standard and the fission fragments were detected with a photovoltaic cell. Several experiments and simulations were also performed in order to check all the factors influencing the cross-section values, with special emphasis, to minimise the associated uncertainties and errors.
Experimental procedure
Neutrons were produced by either the Li(p,n) or the T(p,n) reaction on the 4 MV Van de Graaff Accelerator of the Centre d'Études Nucléaires de Bordeaux-Gradignan (CENBG). A deep (1.7 m depth) "neutron hole" was installed in the neutron beam line of the accelerator in order to eliminate scattered neutrons from the environment (floors, walls and ceiling). The beam was focused and collimated to a spot roughly 0.5 × 0.3 cm 2 at the target while beam currents were of the order of 15 µA. At the end of the proton beam line, the target holder was cooled with a continuous flow of a very thin film of water. This was used instead of compressed air cooling since it was experimentally checked that the mono-energetic neutron beam was better stabilised when the water flow was applied.
The threshold of the 7 Li(p,n) 7 Be reaction was used for the energy calibration of the VdG accelerator. The selected proton energies with the corresponding neutron energies are presented in Table 1 . In this table, the minimum (maximum) neutron energy corresponds to maximum (minimum) proton energy degradation in the LiF target and maximum (minimum) angular spread in the neutron beam at the position of the Th target. With Li as a neutron source and Ep ≥ 2.4 MeV, a second group of mono-energetic neutrons was produced due to the population of the first excited state of 7 Be. The intensity of the second group was calculated with a Monte Carlo simulation. Thorium metal targets (Goodfellow SARL) were of high purity (99.5%), 1 mm thick and a surface of 1 × 1 cm 2 . Two experimental devices were used for samples irradiation, a Cd box and a fission chamber. In the first one, the Th foils were packed together with two Au foils on each side (same surface and 0.5 mm thickness) and were placed in a Cd box (5 × 5 cm 2 and 1 mm of Cd thickness) in order to eliminate any contribution from the thermal neutron background. The box was tied with tiny nylon wires at the centre of a thin Fe ring and aligned with the proton beam; the assembly was placed at 5 cm from the Cu backing of the neutron source.
Figure 1. Schematic representation of the neutron fission chamber
In the fission chamber, a 235 U thin foil (0.04 mg cm -2 ) on an Al backing (0.047 cm) was used as a second reference foil. The configuration used with the fission chamber is schematically depicted in Figure 1 . Fission fragments were detected online with a photovoltaic (solar) cell. This device was used because of its minimal mass inside the neutron fission chamber. The cell was a monocrystalline n + p junction with 360.36 mm 2 surface. The dead zone of the photovoltaic cell was determined by direct micro-measurement of the thickness of the Al grids. The detection efficiency for fission fragments from 235 U was considered twice that for alpha particles that were observed with a Si surface barrier. The later was collimated in order to suspend exactly the same solid angle as the cell during the irradiations.
The Cd box or the fission chamber were irradiated around 20 hours at 0° with respect to the proton beam. During the irradiation, the flux was monitored with a He 3 detector that was placed 2 meters from the neutron source. After each irradiation, the intensity of the γ ray lines emitted by the de-excitation of the produced nuclei 233 Pa (Eγ = 312 keV (38.6%)) and 198 Au (Eγ = 412 keV (96%)), was measured with γ spectroscopy with a 40% HPGe and for 5 cm source to detector distance. The acquisition time varied between 1-2 hours for Au and 1-2 days for Th. The pulser method was used for dead time correction. The photopeak areas were determined with the use of PAW program [6] . The efficiency of the Ge detector was determined with a 152 Eu punctual source and the use of GEANT3.21 [7] and MCNP4B [8] simulation codes.
Two more experiments were performed for the estimation of the thermal and epithermal neutron background in the experimental hall. Prior to irradiations, the coincidence technique of the alpha and triton produced in the 6 Li(n,α)T reaction and detected with two Si junctions (J1-J2) in a "sandwich" arrangement, was used. Several combinations with different target support materials, with and without cadmium shielding and distances from the neutron production target were investigated. The optimal conditions with the minimum thermal background were produced by placing the cadmium-shielded device in around 5 cm from the neutron production LiF target that was supported on copper. At the end of irradiations, the background was measured by irradiating simultaneously three Cd boxes with Au foils inside and at different distances from the neutron source.
Analysis and results
The neutron capture cross-section of 232 Th relative to the cross-section σ(n,γ) for 197 Au and σ(n,f) of 235 U is given by the relation:
where <E n > is the mean neutron energy in the sample, I the photopeak or fission fragments area, ε the efficiency for the 233 Pa or 198 Au γ lines or the fission fragments, N the number of atoms in the samples and f a time factor relating the measured peak intensities to the end of irradiation. In the case that the 235 U foil is used as a second reference, the time factor is simply the time of irradiation. In the present experiment, the neutron flux in the Th target was assumed to be the same as the mean value of the flux calculated from the two foils (Au-Au or Au-U) in each side of the Th target. Therefore, the above formula was modified to account for the time difference in measuring the two Au reference targets or the different cross-sections in the case of Au-U foils.
The efficiency of the HPGe detector for the activity measurements of thorium or gold samples was determined with the following way. The dependence of recording decay events by the HPGe as a function of photon energy was determined with a punctual 152 Eu source that was placed at 5 cm or 10 cm. The detector's geometry was then simulated with MCNP4B and GEANT3.21 in order to reproduce the observed experimental values. Finally, the detector's efficiency was determined by replacing the punctual source in the simulation with the extended gold or thorium box. In this way, the values of (1.19 ± 0.03)% for the recorded 412 keV line of 198 Au and (1.27 ± 0.03)% for the 312 keV line of 233 Pa, were obtained. The above values were also confirmed experimentally.
Since the photovoltaic cell was calibrated by replacing it with a collimated and suspending the same solid angle Si surface barrier, the combined product ε U • N U was measured instead of each separate term in Equation 1 and a value of 2 × (3.27 ± 0.10) × 10 16 was determined. Furthermore, the dead zone of the photovoltaic cell was determined by direct measurement of the grids thickness and was found (4.45 ± 0.02)%.
Corrections
One of the factors with primary importance in fast capture measurements with the activation method is the thermal-epithermal background present in the experimental hall. Its contribution and spoiling of experimental results can be non-negligible and have to be corrected. For this reason, two experiments were performed. In the first, the "room background" was evaluated with the coincidence technique of the reaction 6 Li(n,α)T. Since the alpha and triton particles from thermal or fast neutrons are emitted in opposite directions with different production rates (300:1) and with different energies, they can be separated. In this way the contribution of the "room background" was estimated to be insignificant. However and due to the increased apparatus mass seen by the neutron flux, a quantitative analysis of the experiment could be of less value. Therefore, a simple irradiation experiment was performed with an assembly of three Au foils at different distances from the neutron source. Since the room-scattered neutrons are uniformly distributed in the vicinity of the target, the produced 198 Au activity should be constant with targetsample distance. The activity due to the primary neutron source should vary as 1/r 2 whereas the inscattering contribution from the structural materials near the target or the sample should also exhibit a distance dependence close to 1/r 2 . Hence, the total activation of any foil will be given by:
According to the results obtained and shown in Figure 2 , the "room" neutron background contribution can be considered negligible.
However, the effect of other factors is not negligible and the observed activation of any foil had to be corrected due to:
• Neutron energy spread because of proton energy degradation in the source.
• Effects of finite dimensions of neutron source and targets on neutron energy spread.
• Second neutron energy group from the 7 Li(p,n) 7 Be* reaction for energies higher than 600 keV.
• Inelastic and elastic neutron scattering within the intermediate experimental environment
• Multiple elastic and inelastic scattering in the target foils Therefore, a Monte Carlo code with all the above effects was developed for an IBM AIX 4.3.2 operating system. The code includes source angular and energy distribution, energy-dependent cross-sections and considers multiple scattering. All the cross-sections are entered as tables with linear interpolation. Neutrons are randomly produced inside the target and their angular distribution and different emission probability in the energy range of the proton degradation in the target is chosen according to evaluated cross-sections [9, 10] . Their path is followed and their energy is monitored. The only assumption of the code is that the angular distribution of the produced neutrons is constant in their energy spread interval. 
BL<IL
The architecture of the code is schematically depicted in Diagram 1. A best estimate of capture cross-section values that approximate the "true" cross-sections had to be used as an input data file for this calculation. The JENDL-3 evaluated nuclear data library was chosen as the source for the required neutron cross-sections for 232 Th and ENDF/B-VI for 197 Au or 235 U.
The code was applied firstly to the experimental points obtained with the Cd box and the mean neutron capture energy produced from unscattered neutrons was determined. It was also observed that captures produced after scattering in the neutron source backing and water or the entrance foils and the foils themselves (in-scattering or self-scattering), were mainly inside the neutron energy spread and for some cases amount to as much as several percent of the total captures. A global activity multiplication correction factor defined as the ratio of captures produced by unscattered neutrons to the total captures, was determined. It should also be noted that since the neutron capture cross-section of 232 Th was measured relatively and the correction for in-and self-scattering captures was almost the same for all the foils, it was partially compensated or even cancelled out.
In the case of the fission chamber, the statistics were rather poor and the required running time exceeded the one available. Therefore, an approximate treatment with MCNP4B was used instead after comparing its results to that of the developed code for the Cd box. An agreement better than 97% was observed. It was therefore applied afterwards in all the measurements with the fission chamber.
With the implication of the above correction, the values of neutron radiative cross-section of 232 Th in the energy range from 60 keV to 2 MeV were determined and are given in Figure 3a . In the same figure, the evaluations of the different databases are also included. The overall error was found to vary between 3.4 to 7.8%. It is also worth noting the excellent agreement of the cross-section values around 600 keV and 1 000 MeV of neutron energy that were obtained with different neutron sources and different activation devices. [11] . Moreover, a re-normalisation of 232 Th and 238 U neutron capture data of Lindner et al., [12] (the most reliable considered data and the basis of many evaluations) with 238 U from the current ENDF and JENDL databases was undertaken (Figure 3b) . The later reveals that a very good agreement is reached with the data of the present work, data from a time of flight experiment that were the basis for the JENDL evaluation [13] and data that could be the basis of a new BROND or ENDF evaluation [11, 12] .
